ras genes encode members of the small GTP-binding proteins. Ras protein is highly conserved in various species from yeast to humans and plays a key role in signal transduction. Ras is related to cell proliferation and dierentiation. While, in addition, mutations in the ras genes are implicated in a variety of tumors. However, the physiological functions and speci®c roles of each ras gene, H-ras, K-ras and N-ras, are still not fully understood. To clarify the role of the K-Ras in vivo, we generated K-ras mutant mice by gene targeting. In contrast to the ®ndings that H-Ras-de®cient mice and NRas-de®cient mice are born and grow normally, the KRas-de®cient embryos die progressively between embryonic day 12.5 and term. At embryonic day 15.5, their ventricular walls are extremely thin. Besides, at embryonic day 11.5, they demonstrate increased cell death of motoneurons in the medulla and the cervical spinal cord. Our results thus indicate K-Ras to be essential for normal development in mice and residual Ras composed of H-Ras and N-Ras cannot compensate for the loss of K-Ras function in the mutant mice.
Introduction
ras genes are identi®ed with a high degree of conservation from yeast to humans and many approaches have been made to understand their functions. In yeast, ras genes are required for survival (Kataoka et al., 1984; Tatchell et al., 1984) or mating (Fukui et al., 1986) . In the invertebrates, genetic analysis using a ras mutant showed that vulval development in Caenorhabditis elegans (Han and Sternberg, 1990) and the development of a photoreceptor cell in Drosophila melanogaster (Simon et al., 1991) represent ras-dependent process. In mammals, extensive studies using in vitro cell culture showed that ras is implicated in cellular proliferation (Mulcahy et al., 1985) and dierentiation (Bar-Sagi and Feramisco, 1985; Noda et al., 1985; Birchmeier et al., 1985) .
The ras genes code the 21 kDa proteins and Ras protein is a member of the superfamily of small GTPbinding proteins; it binds guanine nucleotides and has GTPase activity. Ras protein can exist in two interconvertible conformational states, active (GTPbound) and inactive (GDP-bound) (Barbacid, 1987; Lowy and Willumsen, 1993) . ras gene mutations are frequently found in mammalian tumor, with the result that oncogenic Ras protein is constitutively in the active GTP-bound conformation and gives an uncontrolled output signal (Barbacid, 1987; Lowy and Willumsen, 1993; Balmain and Brown, 1988) . Recently, many regulators of Ras protein, such as GTPase-activating protein (GAP) and guanine nucleotide exchange protein (GEP), are identi®ed (Boguski and McCormick, 1993; Bourne et al., 1991) . These proteins regulate Ras activity by in¯uencing the transition between the GTP-bound and GDP-bound forms.
In many cells, extracellular signals that activate Ras protein are mediated through following receptors: (1) tyrosine kinases receptors, such as platelet derived growth factor receptor; (2) cytokine receptors, such as IL-2 receptor, or T cell receptors; (3) bg subunits of heterotrimeric G proteins (Satoh et al., 1992; Crespo et al., 1994) . Ras is located on the inner surface of the plasma membrane and seems to act as a biological switch. Activated Ras stimulates serine/threonine kinase cascade, including Raf-1, mitogen-activated protein (MAP) kinase kinase, and MAP kinase (Egan and Weinberg, 1993; Feig and Schahausen, 1994; Hall, 1994) .
There are three members among the ras family genes in mammals. H-ras and K-ras were ®rstly identi®ed as the transforming genes of the Harvey and Kirsten rat sarcoma viruses, respectively (Harvey, 1964; Kirsten and Mayer, 1967) , and N-ras was initially isolated from a human neuroblastoma (Shimizu et al., 1983) . The proteins encoded by the three ras genes dier almost exclusively in their C-terminal and share a conserved eector domain. Three ras genes are expressed in a variety of the mammalian tissues and their expression patterns overlap several organs (Leon et al., 1987) . Genetic analyses in mouse and yeast show that individual Ras function is dispensable for normal and development or cell survival.; N-ras homozygous mutant mice are born and grow normally (Umano et al., 1995) and yeast which lacks one of the two ras genes has no signi®cant eect on their spore viability (Kataoka et al., 1984) . These results suggest that multiple ras genes are functionally redundant. On the other hand, there are several ®ndings that indicate each of ras family genes has a speci®c role; tumorigenic mutations of each gene are related with the speci®c tissue types (Barbacid, 1987; Balmain and Brown, 1988) and the expression of each ras gene is dierent according to the organ (Leon et al., 1987) . Moreover, post-translational modi®cations of Ras protein are dierent according to gene; K-RasB has a polybasic domain in its C-terminal and is geranylgeranylated, but H-Ras and N-Ras is not (James et al., 1995) . Furthermore, among the members of Ras GEP, smgGDS is active on K-Ras but not on H-Ras (Mizuno et al., 1991) . Up to now, however, the individual roles of H-, K-and N-ras genes in mammals have not been fully understood.
To answer this question, we have generated mice carrying null mutations in each of the ras genes by gene targeting method. In this paper, we show that homozygous mice for the K-ras mutation are embryonic lethal. This therefore suggests that the KRas function is essential for normal development in mice.
Results

Generation of the K-ras mutant mice
The targeting vector of the K-ras gene was constructed from mouse genomic DNA that contains exon 1 of the K-ras gene (Figure 1 ). The targeting vector has a neomycin resistance (neo) gene to disrupt the 3' part of exon 1, which encodes a part of the eector domain essential for the biological activities of K-Ras ( Figure  1 ). Although there are two isoforms of K-Ras by the alternative splicing of exon 4A (George et al., 1985) , neither isoform of K-Ras can be generated under our strategy. The vector also contained diphtheria toxin-A (DT-A) gene at the 3' end for negative selection ( Figure  1 ).
The targeting vector DNA was transfected to embryonic stem (ES) cells of the CCE line by electroporation, and the cells were selected with G418. Resistant clones were analysed by Southern blotting and 18 out of 144 ES clones were con®rmed to have the correct homologous recombinant allele. One homologous recombinant ES cell line was injected into C57BL/6J blastocysts to generate chimeric mice. Chimeric males were mated with C57BL/6J female to generate the K-ras heterozygous mutant (K-ras +/7 ) mice through germline transmission.
To con®rm that the allele is null mutation, we carried out Western blotting analysis with anti-K-Ras antibody. The K-ras homozygous mutant (K-ras 7/7 ) embryos were generated from intercrosses of K-ras +/7 mice. No K-Ras protein was found in the lysate from the K-ras 7/7 embryos at embryonic day 11.5 (E11.5) (Figure 2 ).
Embryonic lethality in K-ras 7/7 mice K-ras +/7 mice grew normally and were fertile. They showed no abnormal behavior and formed no tumor spontaneously. The oldest K-ras +/7 mice are more than 20 months old and indistinguishable from the wildtype littermates. K-ras +/7 mice were intercrossed to generate K-ras
mice. The genotypes of the ospring were determined by Southern blotting and polymerase chain reaction (PCR) (Figure 3a ). When the 107 ospring from K-ras +/7 intercrossing were weaned at 3 weeks after birth, no K-ras 7/7 mouse was identi®ed ( Figure 3a , Table 1 ). Two K-ras 7/7 neonates were found dead at birth (Table 1 ). The number of wildtype and K-ras +/7 mice was 29 and 78, respectively, which appears to be in line with Mendelian law. Thus, almost all the K-ras 7/7 mice seemed to die before birth. To decide the stage of death of K-ras 7/7 embryos, the genotypes of the embryos between E10.5 and E18.5 were determined ( Figure 3b ). As shown in Table 1 , at E10.5 ± 11.5, the number of the K-ras 7/7 embryos was one fourth of total embryos. This frequency is similar to the theoretical ratio. However, between E12.5 and term, the ratio of surviving K-ras 7/7 embryos decreased gradually (Table 1) . At a stage later than E12.5, several K-ras 7/7 embryos were apparently dead on inspection because they were in the process of resorption. Hence, it was likely that the K-ras 7/7 embryos died between E12.5 and term.
At all stages examined, live K-ras 7/7 embryos showed no obvious malformations in the external appearance.
Heart abnormality in K-ras 7/7 embryos
We next examined each organ in the embryos histologically and found the ventricular myocardium of the K-ras 7/7 embryos at E15.5 to be thinner than that of the wildtype mice (Figure 4a ± f). In two out of six E15.5 embryos examined, the ventricular walls were extremely thin, corresponding to a one-cell-compact layer ( Figure 4f ). In these embryos, the heart was swollen and also displayed a round apex macroscopically (Figure 4b and d) . Three out of six K-ras 7/7 embryos had thinner ventricular walls than wildtype but their hearts were not swollen. The heart of the remaining one K-ras 7/7 embryo was indistinguishable from that of the wildtype.
Between E10.5 and E13.5, the hearts of the live Kras 7/7 embryos (E10.5, n=3; E11.5, n=4; E12.5, n=1; E13.5, n=4) seemed to be smaller than those of wildtype. This was probably due to the general retardation of development in mutant embryos because crown-rump length of the K-ras 7/7 embryos was shorter than that of wildtype embryos (data not shown). However, the thickness of the ventricular walls of the K-ras 7/7 embryos was not reduced in comparison with wildtype (Figure 5a ± d) .
It is thus likely that K-ras 7/7 hearts were aected by an insucient cell proliferation because their ventricular walls consisted of a smaller number of cardiomyocytes than in wildtype. We next examined the dierentiation of cardiomyocytes, since Ras is also implicated in cell dierentiation in various types of cells. In spite of the existence of a thin ventricular wall, no ventricular septal defect was detected through an examination of serial sections. In addition, trabeculation inside the ventricular chamber occurred normally in all the K-ras 7/7 embryos at E15.5 (Figure 4f) . Moreover, cardiomyocyte-speci®c Southern blot analysis of the embryos from a K-ras +/7 crossing. Yolk sac DNA was digested with XhoI and HindIII, and hybridized with the 3' probe (see Figure 1) . The sizes of the signals were consistent with the expected ones. Abbreviations: +/+, wildtype; +/7, K-ras +/7 ; 7/7, K-ras 7/7 mouse DNA markers, a-cardiac actin was expressed in E13.5 Kras 7/7 cardiomyocytes examined by a reverse transcription-PCR analysis (data not shown). Furthermore, few pyknotic nuclei were observed in the cardiomyocytes in the K-ras 7/7 embryos at all stages examined. These results suggest that the thin ventricular walls in the K-ras 7/7 embryos are neither due to abnormal dierentiation nor cell death but instead due to a de®ciency in the proliferation of the cardiomyocytes.
K-ras 7/7 mice died at E12.5 even if the K-ras
hearts at E12.5 looked normal. We therefore looked for other de®ciencies in the K-ras 7/7 embryos. We could not detect any evidence of anemia as the cause of the embryonic death. The K-ras 7/7 liver appeared almost normal histologically and red blood cells that existed in the peripheral blood vessels in K-ras 7/7 embryos were indistinguishable from those of the wildtype embryos (data not shown).
Neuronal cell death in K-ras 7/7 embryos
Since it was reported that Ras is closely related to apoptosis, we next examined the nervous system, in which cell death was often observed during development even in normal embryos. The number of pyknotic nuclei increased in the lower part of the medulla and the upper part of the cervical spinal cord in all the Kras 7/7 embryos at E11.5 and E12.5 (E11.5, n=4; E12.5, n=1) (Figure 6a ± c) . In these areas, much more pyknotic nuclei were observed in K-ras 7/7 embryos than in wildtype embryos by examination of serial sections. At E10.5, E13.5 and E15.5, few pyknotic nuclei were observed in the K-ras 7/7 embryos. Figure 4 Histological analysis of the hearts of wildtype and K-ras 7/7 embryos at E15.5. (a, b, e, f) Sagital sections of the right ventricle of wildtype (a, e) and K-ras 7/7 (b, f) embryos. e and f are higher magni®cation views of the ventricular wall in a and b respectively. (c, d) Horizontal sections of the heart of wildtype (c) and K-ras 7/7 (d) embryos. E15.5 embryos were sectioned and stained with hematoxylin and eosin. Note the thin ventricular walls in the K-ras 7/7 embryos. Bars: a ± d, 400 mm; e and f, 50 mm. Abbreviations: cl, compact layer; t, trabecula Many cells exhibiting nuclear pyknosis were observed in the ventral region of the spine, consisting of motoneurons, in the transverse section in K-ras 7/7 embryos at E11.5 to E12.5 (Figure 6d ). Pyknotic nuclei showed positive reactivity to terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) staining, which can detect the fragmentation of DNA (Figure 6e and f) . Therefore, such pyknosis is probably due to apoptosis.
Discussion
In this work, we showed that the K-ras 7/7 mice died between E12.5 and birth. In K-ras 7/7 embryos, ventricular myocardium appeared normal until E13.5, but at E15.5, abnormal thinness of ventricular walls became apparent. The ventricular walls are so thin that these hearts seem not to be able to work functionally as a cardiac pump. It is therefore likely that one of the main causes of the death of the Kras 7/7 embryos is cardiac failure. However, because the embryonic stages of their death were widespread, other factors might cause the embryonic lethality. Another possible reason for the variation in the severity of the heart defect among K-ras 7/7 embryos at E15.5 is the dirences in the genetic background of each mouse.
In spite of the thinness of the ventricular walls, the hearts were without septal and trabecular defects and cardiomyocyte-speci®c marker was expressed in the ventricular myocytes. In addition, no death in the cardiomyocytes was observed. These data suggest that the heart defects of K-ras 7/7 embryos may thus be caused neither by an abnormality in dierentiation nor by apoptosis but, instead, by an abnormal proliferation of cardiomyocytes.
Cardiac developmental defects were reported in the mutant mice that have disrupted genes such as retinoid X receptor a (Sucov et al., 1994; Kastner et al., 1994) , transcriptional enhancer factor-1 (Chen et al., 1994) , WT-1 (Kreidberg et al., 1993) , N-myc (Charron et al., 1992; Sawai et al., 1993; Moens et al., 1993) , or plateletderived growth factor B (LeveÂ en et al., 1994) . However, the phenotypes of these mutant mice are dierent from those of K-ras 7/7 embryos; e.g. accompanied by ventricular septal defect, poor trabeculation or appearance of defect at earlier/later stage. Considering these ®ndings, each of these factors may thus aect heart development at dierent times and sites. Among them, mutant embryos lacking gp130 (Yoshida et al., 1996) , which is a common signal transducer for the interleukin 6 (IL-6) family of cytokines, show a heart defect that is quite similar to that seen in K-ras 7/7 embryos. The embryos of both mutants gradually died between E12.5 and term. They also show a hypoplastic ventricular myocardium without either septal or trabecular defects. Indeed, cardiotrophin-1 (CT-1), one of the cytokines that require gp130 receptor component, acts on neonatal cardiac myocytes and induces hypertrophy (Pennica et al., 1995) . Transgenic mice that overexpress both IL-6 and IL-6 receptor also exhibit pathological ventricular hypertrophic changes in adulthood (Hirota et al., 1995) . Since all the ras family genes are expressed in the heart at E15.5 (data not shown) and both H-Rasde®cient mice (data not shown) and N-Ras-de®cient mice (Umano et al., 1995) are born and grow normally, proliferation signaling through gp130 component or other receptors might be mediated exclusively by K-Ras in the embryonic development of the heart. In addition to the heart abnormality, an interesting aspect of the K-ras 7/7 embryos phenotype is the striking increase in apoptotic death of motoneurons in the spinal cord. This means that K-Ras prevents neuronal apoptosis. Indeed, some researchers have reported that Ras can block p53-dependent apoptosis in baby rat kidney cells (Lin et al., 1995) and dominant negative H-Ras induced apoptosis in a human chronic myelogenous leukemia cell line (Sakai et al., 1994) . On the other hand, others have showed that Ras is required for apoptosis regulated by Bcl-2 in a human leukemic T cell line (Chen and Faller, 1996) and by embryo. The arrowheads denote examples of the densely stained pyknotic nuclei that are indicative of dead or dying cells. (e, f) TUNEL staining of the spine in the K-ras 7/7 (e) and wildtype (f) embryos (Sagital section). The nuclei of dying neurons are TUNEL positive (brown) and the sections are counterstained with methyl green (green). Note the large degree of cell death in the motoneuron of the K-ras 7/7 embryos. Bars: a, 100 mm; b ± f, 50 mm tumor necrosis factor in ®broblasts (Trent et al., 1996) . Mice lacking ras GAP, a negative regulator of Ras, also shows extensive neuronal cell death in the anterior neural tube and cranial neural crest (Henkemeyer et al., 1995) . Taken together, the modulation of Ras activity could thus result in an increased cell death. The apoptotic cells in the K-ras 7/7 embryos were motoneurons which existed in the ventral horn in the lower part of medulla and the upper part of cervical spinal cord. The mechanism that regulates motoneuron death in the spinal cord has not yet been fully clari®ed. However, the theory that target (the skeletal muscle)-derived neurotrophic factors are necessary for motoneuron survival was built up (Shorey, 1909) and some neurotrophic factors were revealed to contribute to neuronal survival. Among the factors, leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF) and CT-1 have all been reported to promote the survival of embryonic motoneurons in culture (Martinou et al., 1992; Oppenheim et al., 1991; Pennica et al., 1996) . Although mice lacking LIF or CNTF display no motoneuron loss at the embryo (Escary et al., 1993; Masu et al., 1993) , disruptions in their receptor genes can result in the abnormal development of spinal motoneurons (Li et al., 1995; DeChiara et al., 1995) . These factors also require gp130 as a receptor component for signal transduction and the gp130 signaling was reported to cause activation of the Ras-dependent MAP kinase cascade (Kishimoto et al., 1994) . Considering the phenotype of the K-ras 7/7 embryos, K-Ras might have a closer relation with the signaling through gp130 than H-Ras and N-Ras.
In this work, we found that a K-Ras de®ciency results in the defect of myocardial cell proliferation and neuronal programmed cell death. These results suggest that the K-Ras plays a key role in the speci®c cells and works in dierent manner from H-Ras or N-Ras. Therefore, if we could rescue them by a device such as conditional gene targeting, it would thus provide us with new insight into the physiological functions of the three ras family genes.
Materials and methods
Cloning of the K-ras gene and the targeting vector K-ras genomic clones were isolated from a 129/Sv mouse genomic library (Stratagene) using v-Ki-ras (TAKARA) as a probe. The targeting vector was constructed using the following DNA fragments: a 2.0 kb K-ras genomic fragment containing a 3' part of intron 1 and a 5' part of exon 1, a 4.2 kb fragment containing a part of intron 2, a 1.1 kb neo gene derived from pMC1neopolA (Stratagene), a 1.0 kb DT-A gene (gift from Dr S Aizawa), and the plasmid pBluescript (Stratagene) (Figure 1 ). Both neo gene and DT-A gene are under the control of the HSV-tk promoter and have polyadenylation sequences.
Gene targeting and generation of mutant mice CCE ES cells (gift from Dr E Robertson) were cultured essentially as described (Robertson, 1987) . Fifty mg of the linearized targeting vector was transfected into 4.7610 7 ES cells by electroporation at 270 V and 500 mF (ECM 600; BTX Inc.). Forty-eight hours after transfection, G418 (250 mg/ml; Sigma) was added to the medium. DNA from G418 resistant ES clones was digested with KpnI, and hybridized with 5' probe, neo probe, and 3' probe as illustrated in Figure 1 . A targeted clone was injected into C57BL/6J blastocysts and chimeric mice were thus generated (Bradley, 1987) . The male chimeric mice were crossed with the C57BL/6J female mice. The tail DNA of the agouti ospring was analysed to con®rm the germline transmission of the targeted allele by Southern blotting.
Southern blotting
DNA was digested with restriction enzyme and electrophoresed in an agarose gel. The DNA was denatured, neutralized and transferred onto GeneScreen Plus nylon membrane (Biotechnology Systems). The membrane was next hybridized with the probe as shown in Figure 1 .
Western blotting
Whole embryos at E11.5 were homogenized and lysed in RIPA buer (150 mM NaCl, 1.0% Nonidet P-40, 0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl; pH 8.0, containing 2 mg/ml aprotinin, 2 mg/ml leupeptin and 100 mg/ml phenylmethylsulphonyl uoride). Thirty mg of proteins were separated on a 10% SDS-polyacrylamide gel electrophoresis and blotted onto an Immobilon membrane (Millipore) using a semi-dried blotter. The membrane was blocked with milk and incubated with a monoclonal anti-K-Ras antibody (Santa Cruz Biotechnology). After the ®lter was washed, it was incubated with horseradish peroxidase-conjugated antimouse immunoglobulin antibody. At last, the peroxidase activity was visualized by means of the enhanced chemiluminescence detection system (Amersham) according to the manufacturer's protocol.
PCR
The allele speci®c primers are K1; 5'-GATAATCTTGTGT-GAGACATGTTC-3', K2; 5'-CTGTAGAGCAGCGTTAC-CTCTATC-3' and neo; 5'-ATCAGAGCAGCCGATT-GTCTGTTG-3' (Figure 1) . The wildtype band (197 bp) is generated with the primers; K1 and K2, and the targeted band (580 bp) is generated with the primers; K1 and neo. Ampli®cation conditions included premelting at 948C for 2 min, 27 cycles of melting at 948C for 1 min, annealing at 608C for 1 min, and extension at 728C for 1 min, and a ®nal extension at 728C for 7 min in the last cycle.
Histological procedures
Eggs from the K-ras +/7 female mice were in vitro fertilized with the sperm from the K-ras +/7 male mice (Toyoda et al., 1971) . The fertilized eggs at the two-cell stage were transferred into the ovarian tubes of the pseudopregnant female mice. Embryos with a yolk sac and placenta were dissected free of any maternal tissue at dierent times of gestation (The day at which the embryos were transferred was designated as E0.5). Next the embryos were removed, examined with a dissecting microscope and ®xed in 10% neutral formalin. The ®xed embryos were dehydrated through an ethanol series, cleared in xylene and embedded in paran. Serial sections (5 mm) were stained with hematoxylin and eosin for the histological examination. DNA from the yolk sac was analysed by Southern blotting or PCR for the genotyping of the embryos.
TUNEL staining
The sections were stained with the TUNEL method using the ApopTag in situ apoptosis detection kit (Oncor) according to the instructions of the manufacturer (Gavrieli Y et al., 1992) . In short, the tissue sections were deparanized and the proteins in the sections were digested with proteinase K (20 mg/ml). After the endogenous peroxidase was quenched in 2.0% hydrogen peroxide, the sections were incubated with digoxigenin-nucleotide and TdT enzyme. Next, the specimens were washed and incubated with peroxidase conjugated anti-digoxigenin antibody. Finally, color was developed by adding diaminobenzidine substrate. Counterstain was done in methyl green.
